Abstract-Cleaning of solid surfaces is an important issue in food or catering industry and medical applications. Attention is paid in this paper to the physicochemical parameters controlling cleanability of industrial metal surfaces, taking into consideration the main mechanisms involved in current cleaning processes. Examples are given for some bare and coated stainless steel surfaces.
INTRODUCTION
Stainless steel is a material widely used in the food or catering industry. When the surface of stainless steel comes into contact with nutrients, surface soiling or fouling can occur. It is then necessary to clean it in order to ensure first the surface hygiene as well as to avoid further microbial development and secondly to ensure the equipment performance [1] [2] (for instance in heat plate exchangers used in the dairy industry [3] ).
To assess the cleanability of a material, different empirical tests may be used, involving natural exposure for an extended time [4] , apolar black soiling for Table 1 . Surface free energy components (mJ/m 2 ) derived from water (θ W ), formamide (θ F ) and diiodomethane (θ D ) contact angles (degrees) [12] . The standard deviation in contact angles is given in parentheses simulating soiling of buildings in urban environments [5, 6] , soiling by oils [7, 8] , and removal of pathogenic microorganisms in food industry [3] . On flat steels, the ease of cleaning is generally discussed in terms of surface composition [9] topography or polarity [10] . In this work, we investigate the cleanability of bare and coated materials under controlled flow geometry. The aim of this study was to define the main surface parameters (e.g. topography, surface energy) playing a determining role in the cleaning mechanisms of soiled industrial surfaces. For this purpose, six different bare surfaces obtained by varying the final stage of the steelmaking process on the same metal substrate (SS30400 Unified Number System, 1 mm thick stainless steel sheets) were first considered and referred to as Ss 1 to Ss 6 (Table 1) .
MATERIALS AND METHODS

Selection of materials
These surfaces differ in the the final treatment. Bright annealed condition (Ss 1 ) means that the final annealing of cold rolled sheets is performed in a hydrogen containing atmosphere and does not need any subsequent chemical pickling. However, the water content in the atmosphere is sufficient to form a passive film [11] . On the contrary, when this annealing is performed in an oxidizing atmosphere, a final pickling is carried out in order to remove the oxide scale (Ss 2 ) formed during annealing. Then, the film formation is completed by rinsing with water and further exposure to an ambient atmosphere (relative humidity of 30%). Textured surfaces (Ss 3 and Ss 4 ) were obtained using textured rolls. The chemically etched sample (Ss 5 ) was produced from an initial Ss 2 sheet by immersing for 10 min in a 60% HNO 3 solution at a current density of 120 mA/cm 2 . Last, a mechanically ground sample (Ss 6 ) was obtained from an initial (Ss 2 ) sheet processed in laboratory conditions using abrasive strips with different sizes of carbide particles (120 and 320 µm).
Thus, in order to drastically modify the surface hydrophobicity without altering significantly the surface topography, different coatings were deposited: polysiloxane and silicon oxide were deposited by plasma assisted chemical vapor deposition (PACVD) with a mixture of O 2 and hexamethyldisiloxane (HMDSO) in the reactor chamber. The detailed coating conditions were given in a previous paper [12] .
Surface free energy
On both bare and coated surfaces, contact angles (θ) were measured using a series of three pure liquids (water, formamide and diiomethane) with the sessile drop technique. The dispersion (γ d ) and polar (γ p ) components of the solid (S) surface free energy were calculated by combining the Young, and Owens and Wendt's equations:
where γ 
Surface roughness
The selected parameters were the arithmetic average roughness (R a ) and the maximum peak-to-valley height (R t ) expressed in µm. These parameters were deduced from an optical profilometry (Microsurf 3D, Fogale, Montpellier, France) (scans of area 100 × 100 µm 2 ) using the Surfvision software.
Cleanability test
The cleaning performance was assessed using a laminar flow cell where the sample to be cleaned was placed at the bottom of the cell. Prior to cleaning, the surface was soiled by an oil droplet which was mixed with a dye to discriminate the soil from the solid. Previous papers described in detail the method used to assess the cleaning performance of materials [13, 14] .
ROLE OF THE SURFACE POLARITY
From a physicochemical point of view, one should keep in mind that bare stainless steel sheets are in fact covered by a nanometric thick passive layer mainly consisting Figure 1 . Topographic aspects of the bare stainless steel surfaces by scanning electron microscopy [12] . (R a ) is the arithmetic average roughness determined from a 3D profile.
of iron and chromium oxides or hydroxides, that ensures the corrosion protection of the substrate but likely plays an important role in the physicochemical properties of the surface. The 3D views obtained by scanning electron microscopy on these six surfaces are shown in Fig 1. Even on the bright annealed sheet, the surface topography appears complex and some cavities due to this industrial process are seen. Table 1 shows that water contact angles vary from 37 to 70
• on bare stainless steel surfaces. The dispersion component of surface free energy ranges from 24 to 34 mJ/m 2 but the polar component varies from 11 to 34 mJ/m 2 . After polysiloxane coating, the contact angles are larger and the surface energy is purely dispersive
2 ). On the contrary, after silicon oxide coatings, the contact angles are significantly smaller and the polar component of the surface energy is of the same order of magnitude as the dispersion component (γ
On bare as well as coated surfaces (e.g. materials referred to as Ss 1 and Ss 2 and after polysiloxane or silicon oxide coatings), the more polar the surface is, the higher is the oil removal (Fig. 2) . This work shows that polar (and hydrophilic) surfaces are favorable for the cleaning after soiling (assuming that the experiment is carried out with similar initial oil soiling) [10, 12] with the creation of solid-cleaning liquid and oil/cleaning liquid interfaces (γ SL and γ LO ) and, conversely, the disappearance of solid-oil interface (γ SO ): 
Eq. (3) can be split into a positive term (E r ) depending on the polar component of the solid surface energy (γ p S ) and a negative term (E a ) which is a function of the dispersion component of the solid surface energy (γ d S ); r and a denote, respectively, the removal or the adhesion of soil on the surface. Finally,
where
and
To explain the difference between hydrophobic polysiloxane and hydrophilic silicon oxide coatings, we propose that the surfactant molecules orient their polar heads towards the solid surface. This enhances their adsorption onto the polar surfaces. The surfactant molecules can slide under the oil droplets and thereby easily remove them.
HIGHLY ROUGHENED SURFACES
In addition to the surface polarity, the surface micro-geometry also plays a major role in cleanability. This effect was assessed by comparing two batches of surfaces ((Ss 1 , Ss 3 and Ss 6 ) with (Ss 2 , Ss 4 and Ss 5 )). The second batch of samples is much harder to clean than the first [12] , even when coated with silicon oxide. Figure 3 show the difference in cleaning performances between Ss 1 and Ss 5 surfaces.
This behaviour is believed to be a consequence of the "impregnation" of a rough substrate by the soiling liquid (oil). Let us consider a rough surface (the roughness factor r being defined as the ratio of the actual surface area to its projected area) consisting of an array of peaks and valleys (respectively in proportions of s and 1 − s ). The condition for the soiling liquid oil to wet not only the peak but also the bottom of the valleys (Wenzel condition) is:
with θ e being the equilibrium contact angle of the liquid on an ideal flat solid surface of the same composition [17] . The measured contact angle θ is given by (this is true only when θ e < 90
• ):
showing that a rough surface is more easily wetted than a flat one having the same composition. This behaviour can be illustrated by a simple experiment (Fig. 4a) . We considered a surface (Ss 5 ) displaying large cavities, and first measured its roughness factor (r = 1.21) with an optical profiler and the oil contact angle (θ = 7
• ) leading to cos θ e = 0.82 i.e. θ e ∼ 35
• . We observed the soiling oil deposit with an epifluorescence microscope and determined the fraction of the surface occupied by the soiling oil with an image analysis system (Fig. 4b) , which was found to be 0.38 leading to 1− s r− s = 0.75, which is smaller than cos θ e , which is characteristic of Wenzel wetting.
Due to this "impregnation" of the surface valleys by the soiling liquid (oil), a highly roughened surface performs poorly in cleaning, irrespective of its intrinsic physicochemical properties.
WATER CONTACT ANGLE HYSTERESIS AND CLEANING
As we noted previously [15] , the polar component of the surface energy alone is not a sufficient criterion to qualify the cleaning performance of a metallic surface. As demonstrated by the penetration of a soiling liquid into the recesses of a highly roughened surface, an additional parameter is needed to take into account both the surface physicochemistry and a possible impregnation process [15] .
Water contact angle hysteresis was measured on different industrial bare and polysiloxane coated surfaces, using the sessile drop method where the volume of the water droplet was increased or decreased until the contact line moved over the solid surface. Contact angle hysteresis (H) is better expressed by its cosine form:
with θ r and θ a denoting, respectively, the receding and advancing water contact angles. After 40 s in the laminar flow cell, cleaning performance was assessed by measuring the percentage of oil removal (R). A poor performance corresponds to R less than 50%, an intermediate one to R values between 50% and 90% and a good one to R values more than 90%. In this case, it is possible to discriminate coated surfaces with poor performance from bare surfaces with intermediate or high performance (Fig. 5) . The most easily cleanable surfaces correspond to the most hydrophilic ones with a low water contact angle hysteresis, whereas the least cleanable surfaces are coated and hydrophobic, irrespective of the water contact angle hysteresis. It should be noted that the intermediate group corresponds to less hydrophobic bare surfaces with a higher water contact angle hysteresis. Last, bare materials with good performance or intermediate performance displaying similar contact angle hysteresis (H = 0.9) and advancing contact angle (cos θ a = 0.1) have an average roughness less than 0.2 µm which is smaller than that of the intermediate group (average roughness R a more than 0.3 µm R a denotes the average roughness determined from a 3D profile).
As a general rule, water contact angle hysteresis is a relevant parameter to assess the cleanability of rough surfaces where the soiling liquid can penetrate into the 
Contact angle hysteresis, H
cos θ e Figure 5 . Relation between contact angle hysteresis and cos θ a . , ♦ and symbols correspond, respectively, to materials with good cleaning performance where oil removal is more than 90%, intermediate cleaning performance where oil removal is between 50 and 90%, poor cleaning performance where oil removal is less than 50% on bare stainless steels ( and ♦) and polysiloxane coatings ( ) [15] .
solid surface. The most hydrophilic surfaces with the least water contact angle hysteresis are the easiest materials to clean.
UNDERSTANDING SOIL (OIL) REMOVAL FROM SOLID SURFACES [16]
For a better understanding of soil removal, we designed a new apparatus combining a laminar flow cell and a goniometer (Fig. 6) . A sliding mode was observed on polysiloxane coatings in the water shear flow with or without the addition of surfactants (Fig. 7a) . First, without any shear flow, there is a high affinity between the oil drop and the polysiloxane coating leading to low contact angle. By increasing the shear flow, a critical shear flow is reached, where the hydrodynamic forces overcome the retentive forces leading to oil drop sliding. Finally, no residual oil is left on the surface.
A lift mode was observed on bare stainless steel surface in the water shear flow (Fig. 7b) . Without any shear flow, the initial contact angle between the oil drop and the bare surface is high. It should be noted that prior to this experiment, the stainless steel surface was argon plasma treated in order to remove the surface
Sessile drop
Captive bubble Sample Figure 6 . Experimental apparatus coupling a laminar flow cell and a goniometer designed to observe different drop removal modes.
contamination. Then, the shear flow was increased and there is a critical shear flow where the hydrodynamic forces overcome the retentive forces of the oil drop. The drop disintegrates leaving behind a small residue of oil.
A mixed mode was finally observed on the bare surfaces cleaned using the shear flow with surfactants added (Fig. 7c) . As previously, the contact angle between the oil drop and the bare surface is high but less than in the previous case, this difference could be explained by the presence of surfactants at the interface. By increasing the shear flow, there is a critical shear flow where the hydrodynamic forces overcome the retentive forces. The oil drop starts to slide and then breaks free from the surface without leaving any residual oil on the solid. A calculation of the critical shear flow (G c ) is possible using a finite elements software (Software package FEMLAB, Comsolab, Stockholm, 2005). There is a decreasing relation between G c and the volume of the oil drop (Figs. 8a and 8b) , irrespective of the cleaning liquid (i.e., water with or without surfactants). In both cases, the G c is lower on stainless steel surfaces than on polysiloxane coatings. Addition of surfactants in the shear flow lowers the G c values. Last, with a pure water cleaning, it is more difficult to remove very small droplets from stainless steel surfaces. As a conclusion, there are different modes of oil droplet removal depending on the surface energy of the solid to be cleaned, whether or not surfactants are added, and the hydrodynamic forces induced by the laminar shear flow.
CONCLUSIONS
The cleaning performance depends both on the surface energy of the material and its topography. In this respect, a coating can strongly modify the initial properties of bare materials, and also soil affinity and interaction with the cleaning agent. Better understanding of these phenomena will help to develop new materials. From a practical standpoint, there is no universal surface with "good cleaning performance"; each surface has to be adapted to the final application. However, the contact angle hysteresis is a relevant parameter for assessing the general cleanability of a surface.
